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ABSTRACT
The Effect of Sedimentation on Filtration at The OWASA Water
Treatment Plant.  (Dr. Francis A. DiGiano advising)
Due to projected increases in water demand, the Orange
Water and Sewer Authority needs to know what, if anything, is
required to upgrade its legal filtration rate from ^ gpm/ff^
to 6 gpm/ft==.  Current theory is not adequately developed to
predict the effect of sedimentation on all the important
filtration parameters.  Thus pilot testing was used in
conjunction with full scale operation to determine how
additional sedimentation could help.  The pilot plant was
constructed with vertical flow sedimentation basins in series
with the horizontal flow sedimentation basins in the full-
scale plant.  Pilot plant filters were identical to the full-
scale fi 1 ters .
Tests were run between 8 January 1986 and 10 May 1986-
In these tests it was found that neither sedimentation nor
filtration parameters had an effect on filtered water
turbidities (for raw water turbidities < 50 NTU) nor filtered
water aluminum concentration (for raw water turbidities
< a NTU).  However, sedimentation overflow rate was shown to
determine the amount of headloss after given filter run
lengths.  Therefore, sedimentation can control the operation
of the filters, but not the quality of the filtered water.
A method was devised to extrapolate the results of the
pilot plant study to determine the ability of the existing
Orange Water and Sewer Authority facility to handle greater
flow rates in the future.  The current physical plant is
capable of producing 12 MGD at a filtration rate of 6 gpm/ft'
without additional sedimentation basins.  This includes a
margin of safety for daily operation and maintenance but not
for extended down time maintenance.
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The Orange Water and Sewer Authority (QWASA) water
treatment plant provides the water supply for the Chapel
Hi 11-Carrboro area in Orange County, North Carolina.  The
10 MGD plant, which receives its raw water from University
Lake, a man-made reservoir, utilizes conventional treatment:
coagulation-flocculation, sedimentation and filtration.
Due to projected population increases, QWASA has
determined that it is necessary to increase the capacity of
its water treatment plant.  Tentative plans are to increase
the filter application rate from 4 gpm/ft'" to 6   gpm/ft^~
(Williamson 1985).  This will yield a 50*/. increase in the
plant capacity (15 MOD) without any additional filter bed
construction.  However, so that the filters may operate at
higher rates and still provide an acceptable quality of
water, the water characteristics that affect filtration
performance may have to be improved.  Additional
sedimentation might remove a sufficient number of particles
to yield the desired water filtering characteristics (Hudson
19B1).
The objective of this study was to observe the effect of
the sedimentation overflow rate on filter performance.  The
performance was measured in pilot plant studies by headloss
across the filters and filtered water quality (specifically
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turbidity and aluminum concentration).  The ultimate goal of
the study was to determine the benefits of improving
sedimentation efficiency, if any, on filter operation at




Sedimentation and Its Effect on Filtration - Theory
Conventional treatment for drinking water includes
sedimentation followed by filtration; both of these processes
remove particles.  Sedimentation is the selective removal of
particles from water, driven by gravity.  Particle
characteristics that influence settling velocity include:
size, density, geometry, charge and interaction with other
particles (Weber 1972);  these are determined in part by
chemical coagulation and flocculation which precede
sedimentation.  Sedimentation basin performance, specifically
the sedimentation overflow rate (SOR), can be altered to
increase particle removal.  The SOR is given as a water flow
rate per unit surface area of sedimentation basin
( length=^/t ime/length'^-) ;  this corresponds to a vertical
velocity <length/time).  Sedimentation removes large
particles from the water;  this may not necessarily make the
water potable, but may make its characteristics better for
filtration (Culp and Culp 197^).
The most common design for sedimentation is horizontal
flow sedimentation, where particles fall vertically to the
bottom of a basin as water passes horizontally along the
„   ,   3
basin's length.  According to accepted theory, Type II
(flocculent) settling in an ideal plug flow situation yields
a family of iso-percent removal curves, as shown in Figure
2.1 (Weber 1972).  The percent removal is found for basin
conditions of depth (d) and detention time <ti).  The ratio
of d/ti is the sedimentation overflow rate (SOR).  In Figure
2.1, a depth d and detention time t,. will provide greater
than aO% removal.  As more sedimentation time is allowed,
more flocculation occurs, the particles increase in size and
settle faster.  Thus, for an increase in sedimentation time
(ts) which corresponds to a decrease in SOR, a higher iso-
percent removal curve will be obtained, here, exceeding 90%.
Theory predicts that particles with the highest settling
velocity will be removed preferentially; normally these are
the largest particles, leaving behind the smallest particles
(Steel and M^Ghee 1979).
Filtration is the capture of particles by transport to
and attachment on a granular filter media covered by a layer
of previously deposited floe (O'Melia and Ali 1978 and
O'Melia 1985).  Three major mechanisms for capture are shown
in Figure 2.2:  sedimentation (i.e., gravity or impaction),
where the particle settles onto the media; interception,
where the media pore size prevents particle passage; and
diffusion, where particle Brownian motion prompts collisions
with the media (Yao et.al. 1971).  Two important occurrences
of filtration are what particles escape and how the reduction





Figure E.l.  Graph of Sedimentation Basin Depth vs. Detention
Time with Iso-Percent Removal Curves for Type II Settling
6 fir'
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Figure 2,2.  Filtration Particle Removal Mechanisms
pressure loss (headloss) through the filter bed.  O'Melia and
Ali (197S) state that headloss and removal efficiency are
dependent on the captured particles, which in turn depend on
raw water quality, pretreatment and sedimentation.  As
particles accumulate in the pore space, a greater drag force
is exerted on the passing water and there is a greater
headloss.  Headloss and filtered water quality are   used to
determine the variation of filtration efficiency.
Ramaley et.al. (1981) developed a mathematical model to
follow the growth and removal of particles through
flocculation, sedimentation and filtration.  The model is
based on a limited conceptual understanding of all three
processes and the results presented are calculations from the
model without verification from actual plant data.  They
found that improved sedimentation basin conditions (e.g., a
lower SQR) yield greater particle removal - mostly the larger
sized particles.  Thus, a lower SOR will produce a water with
fewer and smaller particles that penetrate further into the
filter bed.  Penetration of smaller and fewer particles
causes slower reduction of pore size due to particle capture,
and thus, headloss does not increase as rapidly.  Ramaley
et.al. (19S1) and other authors mention filtered water
quality, but none states how variations in sedimentation
overflow rate will affect filtered water quality.  They
generally agree, however, that decreasing the number of
particles in the settled water should yield a filtered water
with fewer particles.  Thus, improved sedimentation (i.e.,
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decreased SOR) should yield better filtration as measured by
both filter headloss and filtered water quality.
Unfortunately, many of the assumptions made in models
for both sedimentation and filtration are unrealistic.
Cordoba-Molina? Hudgins and Silveston (197S) found that
sedimentation basins do not exibit quiescent flow» but rather
turbulent flow.  Ives (1975) found that particle
characteristics are altered during sedimentation.  Schroeder
(1977) found that filtration models fail to account for the
many different particle-to-filter-media attachment
mechanisms* much less their changing effects during a filter
run.  Ramaley et.al. (1981) found that filtration for a water
with a hetero-disperse suspension was very different from
that for a water with a mono-disperse suspension.  O'Melia
(19S5) found that no current fundamental theory will
accurately predict filtration, much less the effect of
sedimentation on filtration for a real, dynamic water with a
hetero-disperse suspension flowing through sedimentation and
filtration basins under realistic conditions.  Despite these
non-idealities, many believe, including Ramaley et.al.(1981),
that decreasing the SOR will yield increased run times and
maybe even better filtered water turbidities.
Part of the difficulty in obtaining models for the
effect of sedimentation on filtration is defining total
filtration efficiency.  With respect to filtration
efficiency, Ives (1975) found that a "standard literature
survey ,,- contains no direct reference to the subject."
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Filtered water measurements are usually given as a suspended
solids concentration or a turbidity, but rarely include other
major parameters such as biological count, or any of the many
minor parameters like calcium concentration.  For this and
other reasons, Ives (1975) concludes that an all-encompassing
prediction of filtration efficiency can barely be made in
theory.  This necessarily leads to incomplete measures of
entire system performance.
I^ethods for Testing the Effectiveness of Sedimentation
If theory cannot predict the effect of sedimentation on
filtration, then a method of testing must be found.  Various
methods for observing sedimentation include:  jar testing,
static column settling testing, bench-scale testing, pilot
scale testing and full scale testing.  Bowen <197'^) and Gulp
(197^) criticize the jar test as not being effective in
entire plant -optimization.  Zanoni and Blomquist (1975) found
problems in relating the ideal, static column test to real,
dynamic systems.  Bench-scale testing requires scaling-up,
which can be difficult (e.g., sedimentation basin depth,
rietcalf and Eddy 1979).  Operating conditions rarely allow
full scale testing of extreme ranges or lengthy steady-state
operation.  In many instances, this leaves only pilot scale
testing as the method of analysis to determine the effect of
sedimentation on filtration and filtered water quality.
The literature contains many references to the
measurement of sedimentation and its effectiveness.  Habibian
(1971), Morrow and Rausch (197'^), Reed and Robinson (1983)
and Stump and Novak (1979) all reached different conclusions
about measuring sedimentation.  These conclusions varied from
the outdated view of Habibian that measurements from jar
testing are successful for predicting entire system
performance to the view of Stump and Novak that the only way
to measure sedimentation effectiveness is by filtering the
settled water and measuring the filtration effectiveness.
Many other authors stress the view of Stump and Novak that
the interaction of the unit processes necessitates study of
both sedimentation and filtration to quantify the effect of
sedimentation (Ramaley et.al. 1981, Camp Scott Furphy et.al.
198S, and Lawler et.al. 1979)  Further, both Hudson (1981)
and Gulp and Gulp (197'^) conclude that the most accurate and
effective non-full-scale method to measure the effect of
sedimentation on filtration is with pilot scale-studies.
Another concern about testing is that the measurement(s)
used to determine the effect that sedimentation will
have on system performance (i.e., filtration efficiency).
Turbidity is often used as the simple measurement of a
treatment system's performance.  Several authors criticize
the value of turbidity.  Ramaley et.al. (1981) state that
turbidity removal is not a real measure of unit process
performance, and Holden (1970) states that turbidity itself
is not even necessarily harmful.  Ives (1975) states that
filtration efficiency cannot be well defined.  But, several
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authors found that turbidity was a very useful measurement.
Robeck et.al. (1962) found that turbidity breakthrough was
accompanied by a substantial increase in virus concentration.
Logsdon et.al. (1981) found that only in a filtered water
with turbidity < 0.2 NTU was there consistently high Giard ia
cyst removal.  Gulp and Gulp (197''t) state that turbidity is
an important parameter.  Hudson (1981) found that turbidity
was an effective indicator of filtered water quality.  For
these reasons and the fact that turbidity is regulated (SDWA
1973), turbidity is a useful indicator of filtered water
quali ty.
Because there is no single measurement that is used to
determine if the performance of a treatment system is
satisfactory, pilot testing should not rely on only one
variable for its results (i.e., turbidity), especially if it
is only an indicator variable (Water Quality Survey 1978).
From an economic view, a very significant variable is filter
run length, the time that a filter can operate before it must
be cleaned.  From a regulatory view, the significance lies
with how much and what is in the finished water (similar to
filtered water).  Headloss measures how many particles are
trapped in the filter bed and how they are being trapped.
The filter run length is a function of the headloss if
breakthrough is not a problem (Gulp and Gulp 197"^).  Run
length has economic importance because backwashing uses
money, time and finished water.  Thus, headloss is a useful
addition to turbidity for system performance measurement.
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Neither turbidity nor headloss indicate the chemical
nature of the filtered water.  Qureshi and Malmberg (1985)
found that treatment with alum as a coagulant yielded
finished waters high in aluminum.  Miller et.al.  (193^) cite
several health problems associated with aluminum and have
found aluminum in relatively high concentrations in
Southeastern surface waters.  This is important because of
recently proposed residual aluminum regulation (National
Revised Primary Drinking Water Regulations 1983).  For these
reasons, a good precautionary measure of system performance





The OWASA water treatment plant began operation in 1950
with a capacity of 3 MGD, equipped with an in-line rapid mix
unit, a flocculation chamber, three sedimentation basins and
three filters.  A 1965 addition of two rapid mix chambers,
two sedimentation basins and two filters increased the
capacity to 5 MGD.  A 1975 change in the legally prescribed
filtration rate of S gpm/ff^- to ^   gpm/ft'- raised the capacity
to 10 MGD.
The principal raw water source for OWASA
is University Lake, a 600 million gallon (MG) reservoir
located about one mile south of the water treatment plant in
Carrboro.  A HOO MG abandoned rock quarry provides a raw
water reserve, while connections to the Durham and Hills-
borough water supplies provide a finished water reserve for
emergency conditions.  Raw water quality varies depending on
seasonal and climatic conditions in the 31 mi^~ watershed.
These variations, as measured by turbidity, seem to
correspond to variations in what was termed "suspension
material" by Ives and Shalji (1965) and Ramaley et.al.
(1981).  Thus, for the purpose of this project, the raw water
quality, as measured by turbidity, will be divided into three
12
ranges as listed in Table 3.1.  These ranges are categorized
as "excellent" (turbidities > ^   and < 6 NTU), "good"
(turbidities > 8 and < IS NTU) and "poor" (turbidities > SO
NTU).  The gaps that occur in the values of turbidity (e.g.,
6-8 NTU in the classification scheme) occur because no
significant pilot data were recorded in those ranges.  The pH




















and alkalinity show the neutral and soft character of the
water.  The values of pH and alkalinity are similar for all
three raw water categories as should be expected given the
consistency of inorganic character in a reservoir.
Figure 3.1 illustrates the flow schematic for the plant
(chemical addition points a.re   not shown because they vary
depending upon need.)  The raw water flows through the rapid
mix units.  The treated water then flows into the
flocculation basin? which is divided into six consecutive
chambers.  Flocculated water passes into a flume common to
all the sedimentation basins.  The water is distributed to
the 160,000 gallon sedimentation basins through compart¬
mentalized chambers with perforated walls.  It is withdrawn
at the other end and flows into a compartmentalized flume.

















Figure 3.1.  Flow Diagram For QWASA Treatment Plant
holding basin because the Clean Water Act outlawed sludge
discharge directly into surface waters (Owens 1982).  It was
reopened as a sedimentation basin in April 1986 after the
completion and opening of OWASA's solids handling facility.
The water flows from the flume through separate filter
gullets into each of the filter basins.  After passing
through the five 360 ft^- filters, the water flows into the
1.5 MG clearwell where high-lift pumps pump the water to the
distribution system.
Table 3.2 illustrates typical chemical doses and other
unit operation information for units at the maximum legal
rate of 10 MGD.  Chemical additions at the OWASA treatment
Table 3.2;  Treatment Plant Operation Information
Alum Dosage Range 20-35 mg/1
Pre-Flocculation Polymer 0.1-0.1^ mg/1
Flocculation Detention Time 23 min S) 10 MGD
Sedimentation Detention Time 92 min S) 10 MGD &< 5 basins
Sedimentation Overflow Rate 1000 gpd/ft^- 3 10 MGD
Pre-Fi1tration Chlorine Range 0-2 mg/1 as CI
Filtration Rate ^ gpm/ff^- 3 10 MGD
Post-Filtration Chlorine Range 0-2 mg/1 as CI
plant vary, depending upon need.  Chemicals added on a
regular basis include: alum, pre-flocculation non-ionic
polymer and post-filtration chlorine.  Other chemicals that
are available include:  pre-fi1tration chlorine, caustic
(addition anywhere), pre-fi1tration non-ionic polymer,
permanganate, powdered carbon and floride.  The detention
time in each of the four sedimentation basins at a flow rate
of 10 MGD is 92 min corresponding to an SOR of 1000 gpd/ft'~.
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The 10 MGD flow rate through the five filter basins
corresponds to a filter application rate of ^ gpm/ff^^.  The
1000 gpd/ffs SOR and A- gpm/ft= filtration rate correspond to
the maximum SOR pilot tested and the minimum filter
application rate pilot tested.
The plant operating data recorded during the study
period of the research are in Appendix A and summarized in
Table 3.3, along with raw water quality categories from Table
3.1.  The "excellent water" had the lowest average filter run
length, 26.1 hours.  Raw water with a turbidity lower than
that of the "excellent water" gave longer run lengths.  The
"good water" had an average filter run length approximately
equal to the overall everage filter run length, 33.3 hours.
The "poor water" had the highest average filter run length,
59.3 hours.  This trend of increasing run lengths with
increasing raw water turbidity may be related to an
observation of Ramaley et.al. (1981).  They noticed that raw
waters with large numbers of large particles (i.e., high
turbidities) tended to coagulate, flocculate and settle well,
leaving a settled water that was very suitable for
filtration.  But, a raw water with very few and fine
particles (i.e., low turbidities)  "was not very forgiving",
and could easily end up caking on top of the filter.  This
seems to have been the case for the "excellent water".  (An
analysis of particle penetration was performed on the pilot
plant data and can be found in Appendix F.)
Although the "excellent water" had the worst (shortest)
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Table 3.3:  Plant Operating Data (Jan. 1986 - ftpr ͣ 1986)
Raw Raw Water Average Average
Turb . Category Number Filter Run Finished
Range from of Length Turbidity
(NTU) Table 3.1 Days (hr) (NTU)
0-2.9 * 5 38.^ 0. 16
3-3.9 » 13 30.7 0.16
<^-5.9 excel lent 10 26.1 0. 1-^
6-7.9 « & 31.2 0. 16
8-11.9 good 16 34.5 0.18
12-19.9 * 12 32.8 0.22
20 + poor 3 59.3 0.23
0-20.0+ 65 33.3 0.18
*  Uncategorized raw water turbidities were observed in full-
scale operation but not in pilot plant operation.
This is a summary of the plant operating conditions for the
months of January through April 1986 when the average plant
filtration rate was greater than or equal to 2.30 gpm/ft'~.
This high filtration rate (for the plant) was chosen because
low filtration rates are not relevant to this study.
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run length, it had the best (lowest) average finished water
turbidity, 0.1^ NTU.  The "good water" was at the overall
average of 0.18 NTU.  The "poor water" was worse than average
with a finished water turbidity of 0.H3 NTU.  This might be
because the "excellent water" forms a strong floe that does
not penetrate the filter, whereas the "poor water" forms a
loose floe that penetrates into and through the filter-
Several problems have occurred at the OWASA treatment
plant.  The only major problem is unwanted taste and odor.
Upon occasion, finished water turbidities have been too high,
but since implementing its own 0.3 NTU goal OWASA has rarely
exceeded the 1.0 NTU standard (SDWA 1973) even on an hourly
basis.  Occasionally, other temporary problems have arisen,
but these are  not of major concern to OWASA (Terry 1985) and
a.re   not shown in Table 3.3.
Description of Pilot Plant**':
The pilot filter apparatus is located in the filter
gallery at the OWASA water treatment plant in Carrboro.
Settled water from the plant is used as feed water for the
pilot system, eliminating the need to simulate the rapid mix,
coagulation, flocculation and (treatment plant) sedimentation
" ͣ  For more details about the pilot plant construction,
consult Owens (1982).
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processes.  The pilot system is designed to allow additional
settling and varied filter application rates.
Pilot plant testing for the effect of sedimentation on
filtration would ideally be done using parallel, pilot-scale
sedimentation basins feeding parallel filters.  These would
be horizontal flow sedimentation basins operated at different
SOR values to vary the extent of particle removal.  Unfor¬
tunately, scale-up laws for sedimentation basins are not well
established for Type II settling, because particle settling
velocities change with depth and thus,.ful1-scale depth is
needed to simulate full-scale performance.  This makes design
of pilot plant sedimentation basins especially difficult.
An alternative to parallel operation of horizontal flow,
pilot-scale sedimentation basins is a full-scale, horizontal
flow sedimentation basin operated in parallel with and the
same full-scale unit in series with a pilot-scale, vertical
flow sedimentation basin.  The latter unit provides further
removal of particles and thus, a direct way of comparing
results to the full-scale, horizontal flow sedimentation
basin.  This arrangement circumvents the problem of scale-up
associated with pilot-scale sedimentation basins because
full-scale sedimentation is being used as the reference
system.
Figure 3.2 illustrates how additional sedimentation is'
provided in the pilot plant system.  Plant settled water
(PSW) is withdrawn from above the plant filters.  It has been
subject to the plant settling overflow rate (PSQR).  This
19
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ASW  - additionally settled water
Figure 3.E.  General Layout of Pilot Plant to Study the
Effect of Sedimentation on Filtration
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flow is split, a portion being supplied directly to two of
the filters and another portion being sent to the vertical
flow sedimentation basins.  The latter portion is designated
additionally settled water (ASW) because it is subject to the
additionally settled overflow rate (ASOR) through the
vertical flow sedimentation units.  It is then supplied to
the other two pilot filters.  Thus water with and without
additional settling can be supplied to the four pilot filters
simultaneously.
The pilot plant is constructed on a steel frame braced
to the fifth treatment plant filter in the filter gallery.  A
schematic of the pilot plant layout is given in Figure 3.3.
Settled water is withdrawn from treatment plant filters #^
and #5 through taps 19 inches above the plant's filter media
surface.  These two waters feed the distribution tank.  This
allows water from either plant filter #^ or #5 to be used (in
case the other needs to be backwashed.)  Water can flow
directly to the valve complex or through (one or both of) the
vertical flow sedimentation basins to the valve complex.
Water is routed to the filters and then disposed of in the
plant drains.
The distribution tank is comprised of three sections? as
illustrated in Figure 3.^.      The first section is a splitter
box that allows the flow to go both directly to the PSW side
of the holding compartment and to the vertical flow settling
basins which supply the ASW side of the holding compartment.
The second section is the holding compartment, comprised of
21
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ASW additionallt settled water
Figure 3.3.  Schematic of Pilot Plant Layout
22




















—^   water
to valve complex
overflow







Figure 3.'^.  Distribution Tank For Settled Water in Pilot Plant
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two separate chambers, one to hold the plant settled water
(PSW), and one to hold the additionally settled water (ASW).
The third section is a common overflow trough, which receives
excess water from either or both sides of the holding
compartment.
The splitter box also has an overflow notch that will
allow excess PSW water to spill only into the PSW side of the
holding compartment.  The bypass pipe from the splitter to
the PSW side of the holding compartment is equipped with a
valve to regulate flow and control the water level in the
splitter box.  Both sides of the holding compartment have an
inlet and an outlet.  The inlet is supplied from the splitter
box, (directly for the PSW, and after sedimentation for the
ASW).  The outlet feeds the valve complex.  The overflow
trough is merely a collection area for the excess water with
an outlet to dispose of the water into the treatment plant
drains.
A vertical flow sedimentation- unit is shown in Figure
3.5.  It is comprised of a plastic 55 gallon drum and
rotameter with flow control.  The water from the splitter box
flows into an opening provided lA inches above the basin
base. (An outlet drain is provided at the bottom to remove
accumulated sludge.)  The water then flows up to and out the
top where it passes through Dwyer brand rotameters, model
number RMC-l'^E-SSV, which measure the flow from O.S gpm to E
gpm (corresponding to a calculated settling overflow rate of
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Figure 3.6.  Valve Conplex to Distribute Settled Water
To Pilot Filters
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water then flows into the ASW side of the holding
compartment.
A second vertical flow sedimentation unit (in parallel)
is provided because a low ASOR corresponds to a low ASW flow.
Typically, the filters receiving ASW require l.S gpm for
operation; a single vertical flow settler operating at an
ASOR = 500 gpd/ft^ produces 1.0H5 gpm.  The second unit,
providing the same quality water (additionally settled at the
same ASOR), can double the quantity of water produced.
Water for each of the four pilot filters flows from the
holding compartment to a valve complex (see Figure 3.6) and
then to the filter inlet.  Each filter has a feed line that
is connected, through valves, to both the PSW line and the
ASW line.  This allows either PSW or ASW to flow to a given
filter.  The water enters the filters through the inlet which
is positioned so that the filter water level will yield a
total available head of S feet.
The filters have a dual media structure identical to
that in the plant filters.  The specific characteristics of
the media are listed in Table 3.4:
Table 3.4;  Pilot Plant Filter Media Characteristics
Media     Depth   Effective Size  Uniformity Coef.
anthracite  14.0 in      0.9 mm 1.7 - l.S
sand     10.5in      0.5 mm 1.5-1.6
gravel     S.5 in   #10 - 0-5 in na
The water first flows vertically through 14 inches of anthracite,
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followed by 10.5 inches of sand, and then 2.5 inches of mixed
gravel.  (The plant filters had more gravel, including larger
sizes to support the media above the Wheeler bottom.)  The
filters were filled with the media while the columns were
full of water.  First, 2.5 inches of gravel was poured into
the filter column.  Next, increments of sand were poured in
and backwashed to remove the smallest particles.  Incremental
additions were made with subsequent backwashing until 10.5
inches had been added.  The same method was used for the 14
inches of anthracite.  After several additional backwashings,
the total media height was 27.0 inches, plus or minus 1/8 of
an inch.
The filters are ^   inch I.D. lucite columns, open at the
top (see Figure 3.7).  The filtered water exits through a
media support plate.  Sampling ports and manometer taps are
paired and located at five depths: ^   inches above the media
surface; 2 inches below the media surface; 17 inches below
the media surface (2.5 inches below the anthracite/sand
interface); 23 inches below the media surface (8.5 inches
below the anthracite/sand interface); and below the media
support plate.  The last of these was used to determine the
total headloss accumulation in all of the pilot plant runs;
others were used for specific study of the distribution of
headloss through the filter.
Manual flow control through the filter was provided in
the original pilot system, and proved to be satisfactory (<5y.
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Figure 3.7.  Pilot Plant Filter Showing Location of Sampling
Ports and Depth of Filter Media
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rotameters.  The rotameters allow flow measurements from
0.035 gpm to 0.55 gpm, which correspond to 0.^ gpm/ft^ and
6.2 gpm/ft=.  The flow was controlled with teflon stopcocks.
The backwash system supplies water below the media (for
normal backwashing) and above the media <for surface
backwashing.)  A common manifold, with valves, allows the
pilot filters to be washed individually or simultaneously,
with water supplied at the bottom, on top, or both.
A prime concern in the design of the pilot plant was
whether the available head would be sufficient to supply the
desired quantity of water to each of the units (e.g., through
the vertical flow settlers).  Figure 3.8 illustrates the
hydraulic profile for the pilot system.  The treatment plant
floor was used as the reference point (0 centimeters).  The
flow of concern was the flow from the splitter box, through
the vertical flow settlers, to the ASW side of the holding
compartment.  An available head of 30.5 centimeters (288 -
257.5) was designed and was sufficient to supply the vertical
flow settlers with 3 gpm.
Pilot Plant Operation Description
Each pilot filter run is started with a simple
backwashing.  Water is supplied at the bottom of all four
filters to create < 1*/. bed expansion.  Because there is not
enough pressure in the backwash system to surface wash all
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Figure 3.8 Hydraulic Profile in Pilot Plant
surfacewashed until there is very little visible turbidity
in the surfacewash effluent.  Then the valves are opened at
the bottom, and the filters are washed with a filter bed
expansion of between HO'/, and 25*/..  This is done, as before,
only until there is little visible turbidity in the backwash
effluent.  A higher filter bed rise or a longer wash was
found to clean the filters too well, causing the pilot
filters to run longer than the treatment plant filters.
During the filter backwash, the vertical flow settler is
turned on and the effluent is sent to waste. This allows the
water in the holding tank and in the vertical flow settler to
reach steady state. Thus, when the filters are turned on,
there is a 2 to 3 minute time lag before they start filtering
water that is being settled at the previously selected rate.
Two to three hours is also allowed before the start of
each run to allow the treatment plant to reach steady-state
after a change in plant raw water flow rate.  This means that
the water treated and settled at the previous PSOR is allowed
to pass out of the system and only the water that has
experienced the current PSOR is used.  This yields a more
constant influent to the pilot system (with a known PSOR.)
Once steady-state has been reached, the operation of the
pilot system is straightforward.  When the run is ready to
begin, the filters are   turned on and set at their proper flow
rates.  Manometer readings are taken immediately to determine
clean bed headloss.  After a minute or two when the PSW and
the ASW have propagated through the piping to the filter,
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samples are taken from the top of the filter.  These are the
initial settled water samples.  (No initial filtered water
samples are taken because filter ripening is not being
studied.)  The following tasks are usually performed at
intervals of approximately 2 hours:
1.  Vertical flow settler and filter flow rates are
ad justed.
S.  Manometer readings are taken at all locations.
3.  Settled water samples are taken.
U.      Filtered water samples are taken (often at intervals
of approximately A- hours).
Samples are always analyzed for turbidity.  When the original
(metal) drums were corroding, iron measurements were taken.
When aluminum readings were desired, samples were collected
and analyzed accordingly.
A good scientific study of cause and effect demands that
all parameters but the one of interest remain constant.  This
is not always possible, however, in pilot plant operation.
To study the effect of sedimentation efficiency, it was
necessary for the PSOR to be constant for the duration of
each individual pilot filter run.  However, variations in
water demand in the OWASA system cause a variable PSOR.  The
objective, therefore, was to operate the pilot plant when
treatment plant conditions were relatively constant.  In
practical terms, the fluctuations in water demand are such
that a constant PSOR is rarely achieved for more than E^
hours.  Thus, test runs are limited in length.
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As will be shown later, all four filters behave in the
same manner with respect to floe deposition patterns, total
headloss patterns, total run length and effluent turbidity.
To keep them "identical", the operating conditions are
rotated.  On one run, a filter receives PSW and then ASW on
the next.  Two runs are at the high filtration rate of 6
gpm/ft^'', and then the next two are at the low rate of ^
gpm/ft'".  This assures that all the filters are subjected to
similar conditions over time.
Method of Analysis for Turbidity and Aluminum
Turbidity samples are analyzed immediately after
collection, on a Hach #18900-00 Ratio Turbidimeter, according
to the methods outlined in Standard Methods <19S5), The
Manual of Methods for Chemical Analysis of Water and UJastes
(1976) and the Hach owner's manual.  The only variation
occurred when high turbidity samples <> SO NTU) were not
diluted for further measurement.
Aluminum samples are analyzed by atomic absorption
spectrophotometry with a graphite furnace (AAS-GF) on a
Perkin-Elmer AAS-GF model number 560 following the
method outlined in Standard Methods (1985) and The Manual of
Methods for Chemical Analysis of UJater and Wastes (1976).
Variations from that method conform to the method that Salmon
(1986) used.  Samples are collected in acid-washed 60 ml
Nalgene bottles, acidified to 0.5'/. nitric acid, stored at 4'-'C
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and analyzed within 2^ hours.  Dilutions are made with dis¬
tilled, de-ionized water and then immediately re-acidified.
Samples are allowed to warm up to room temperature, and then
are analyzed with the aid of an automatic sampler.  Sample
values are compared to a calibration curve derived from
"knowns" prepared and stored in acid-washed glassware.  A




Screening Tests for Determining Sedimentation Efficiency
At the beginning of the project, a simple jar settling
test was performed to see if there was anything to be gained
by considering additional sedimentation.  Water was withdrawn
from the end of the plant sedimentation basins which were
operating at a low SQR of 500 gpd/ft'^.      Initial turbidity was
2.0 NTU.  After 1 hour, the turbidity had dropped to
1.25 NTU, and after 2 hours, to 1.17 NTU (data in Appendix
C).  This indicated that there were distinct improvements
to be made through additional sedimentation.
Static settling column tests (Weber 1972) were performed
on several occasions to quantify the removal of particles
that could be achieved after coagulation-flocculation and
after sedimentation at the GWASA facility Appendix C).  Plant
water both before and after full-scale sedimentation was
collected in a column having a height of ^.5 feet and an I.D.
of 8 inches.  Samples were withdrawn from the four sample
ports at various times and analyzed immediately.  The results
from one such test (for unsettled water) are presented in
Figure ^.1.  The data are plotted as percent removal, based
on the maximum initial reading, on a graph of depth vs.
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Figure 4.1.  Static Settling Column Test - Depth vs. Time with Iso-
Percent Removal Lines (data for water with full-scale treatment
through flocculation but not sedimentation 26 April 19S6)
be drawn through the data in a fashion similar to the lines
in Figure 2.1. Even with allowances for error» this is not
possible.
The settling column test is successful when using
suspended solids to measure settling efficiency and at solids
concentrations typical of wastewater treatment (Zanoni and
Blomquist 1975)> but the attempt in this research was to use
the test to study sedimentation for a water much lower in
suspended solids concentration than waste water and using
turbidity rather than suspended solids as the measurement
parameter.  Observed reasons for the failure of the test
include floe reaggregation and thermally induced mixing.
The jar test and the settling column test showed
that additional sedimentation, after the plant's
sedimentation, achieved particle removal.  However, neither
the jar test nor the settling column test offers promise for
use in conjunction with filtration testing and both fail to
provide information that would aid in relating the SOR,
sedimentation basin depth and particle removal.  Thus, they
were abandoned.
Analysis of Particle Removal in Series Operation of
Horizontal and Vertical Flow Sedimentation Basins
The theory for the particle removal of horizontal and
vertical flow sedimentation basins is very simple when
observing Type I settling in a quiescent plug flow basin.
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For horizontal flow settling, the vector theory (Weber 197E)
predicts that there will be total removal for all particles
with a settling velocity greater than the SOR velocity of Vo
(vs > Vo) J and fractional removal equal to v..g/vo for those
with a settling velocity less than the SOR (vs < Vo). For
vertical flow settling? the removal occurs when a particle
falls down through the water faster than the water travels
up.  Thus, there is total removal for all particles with a
settling velocity greater than the SOR (v^, > Vo)? and no
removal for those with a settling velocity less than the SOR
<Vg  <  Vo)-
Removal of particles in series operation is either
greater than or equal to horizontal flow sedimentation alone
The vertical flow basin will remove any particles with a
settling velocity greater than its ASOR that are   left over
from the horizontal flow settler (those with a settling
velocity less than the horizontal flow PSOR).  Thus, no
further particle removal will occur in the vertical flow
settler if the ASOR is greater than the PSOR; however, par¬
ticle removal will occur if the ASOR is less than the PSOR.
In actual practice, this ideal prediction is not
realized.  Quiescent plug flow (e.g., no mixing or diffusion
in any direction) is only assumed for convenience and does
not really represent the actual flow of the water (Cordoba-
Molina, Hudgins and Silveston 1978, Ramaley et.al. 1981, and
Schamber and Larock 1983).  Several models have been
developed to predict actual basin performance but Cordoba-
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Molina) Hudgins and Silveston 1978 found that they either did
not predict accurately or they were "too combersome and
complicated for practical use."  Thus, ideal behavior will be
used as the basis for testing.
Preliminary Evaluation of Pilot Plant Operation*
Two evaluations of the system were made at the
beginning of testing to understand the operating charac¬
teristics of the pilot system (data in Appendix D unless
otherwise stated).  The first evaluation concerned whether
operation of all four pilot filters could be considered
identical.  The second evaluation concerned whether operation
of the vertical flow settler was in accordance with theory.
After the vertical flow settlers were installed and the
system was operating, a comparison test was performed on the
pilot plant system to determine if all four pilot filters
(which had been filled with media in the same way) behaved in
a similar manner (Run #2).  This involved operating all four
*    Preliminary data reported in this'section were taken
with metal 55 gallon drums serving as the vertical flow
settler.  During Runs #7 and 8 corrosion was noticed that was
causing the ASW to yield erratic results in headless
development patterns.  On 7 Feburary, before Run #9, the
metal drums were replaced with plastics drums.
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filters with the same settled water and at the same
filtration rate.  The pattern of headloss accumulation for
each of the plant filters is shown in Figure 4.2a.  There was
very little variation between the filters.  The filtered
water turbidities are shown in Figure 4.2b and again* there was
very little variation.  Figure 4.2c shows the pattern of
headloss accumulation at two locations in each filter, 2
inches below the media surface and below the media support
plate (27 inches below the media surface)(data in Appendix
E).  The variation in headloss among the filters
at any given run time or depth seems negligible.  This
would indicate that floe penetration was similar for all the
filters.  Thusj Figures 4.2a—c provide evidence to
suggest that the four filters had similar operating
characteristics, or were "identical".
Operation of the vertical flow sedimentation basins was
evaluated in two parts, the first of which concerned the
performance compared to theory and second, the effect of
polymer applied to the full-scale plant filters on the
performance of the pilot sedimentation system.  For the first
part of the evaluation, headloss vs. run time is plotted in
Figure 4.3a (Run #6), where the PSOR was 750 gpd/ft^", and the
ASOR was 850 gpd/ft^^.  Theory predicts that there will be no
removal of particles in the vertical flow basin following the
horizontal flow basin when the ASOR > PSOR, and thus, the
filter performance should not be affected by passage of water
through the vertical flow sedimentation basin.  Figure 4.3a
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Figure 4.2c.  Comparison of Pilot Plant Filters - Headloss at
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Figure i^. 3b  Effect of Treatment Plant Filter Polymer on
Pilot Plant Filter Headloss for ASOR > PSOR (Run *+3)
U^
shows that the headloss is about the same for the PSW and
ASW.  As expected, there was no measurable difference
observed.
In the second part of the evaluation, polymer was
applied to the OWASA filters before water for the pilot plant
was withdrawn.  This run, Run #3, is shown in Figure ^.3b,
with a PSOR of 750 gpd/ft^, and an ASOR of 900 gpd/ft®.
Again, theory predicts no difference, because the vertical
flow basin should remove no additional particles and should
not alter the particle characteristics.  However, there was a
distinct and measurable difference in filter performance when
the polymer was added as can be seen in Figure "^. 3b.
Headloss increased more slowly for the ASW which would tend
to indicate 1) that more particles were being removed
(possibly due to additional flocculation in the vertical flow
basin), or S) that the polymer aged differently for the ASW
(possibly causing it to be ineffective with less particle
capture in the filter.)  Because of this deviation from
expected behavior, polymer was avoided for all subsequent
runs.
Several conclusions could be drawn from these
preliminary evaluations:  1) the four filters behaved, for
all practical purposes, "identically";  E)  the use of pre-
filter polymer on the plant filters had a large impact on
headloss in the pilot filters; and 3) the pilot scale
vertical flow sedimentation basin caused no measurable
difference in filter headloss when operated with a.n   ASOR
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greater than the PSOR.
Data Categorization for Pilot Plant Runs
Twenty-three pilot filter runs were performed between 10
January and 10 May? 19S6.  Of these, twelve runs could not be
used for analysis of the effect of sedimentation on
filtration.  Included in the twelve are preliminary runs»
runs with polymer (before the complicating effect of polymer
was observed), and runs that were too short to be of
analytical value.  The remaining eleven pilot filter runs are
categorized by raw water quality in Table ^.1.  This table
contains the following:  1) the number of pilot runs for each
of the raw water categorizations; 2) the average duration of
the filter test runs  (not equal to the run length); and 3)
the number of days of treatment plant operation with a
filtration rate of 2.3 gpm/ft^- or greater in each of the
stated categories (from Table 3.1).  The raw water quality
Table ^.1:  Data Categorization For Pilot Plant Runs
Raw    Number Average    Days of
Water  of Pilot  Run      Run       Plant
Quali ty   Runs    #'s    Durat ion  Operation
excellent 3 16,19,21 IE hr 10
good 6 9-1-^ 23 hr 16
poor       2    17-lS    19 hr        3
that categorizes the majority of pilot plant and treatment
plant data is "good water".  CNote:  Hereafter, the raw water
quality categories will be referred to by their respective
^6
category, e.g., "good water".]  Very few data were obtained
for "poor water" in either the pilot plant or the treatment
plant.  There were three pilot plant filter runs where the
raw water quality was categorized as "excellent water";
however, the pilot plant filter runs lasted only 12 hours.
The limited data for the "excellent water" and the "poor
water" restrict generalization of conclusions from this
study.
Effect of Additional Sedimentation on Filter Headloss
The comparison for the case when the ASOR was greater
than the PSOR (Figure 4.3a) showed that no additional
settling occurred as expected from theory.  However, the more
important case is when the ASOR is less than the PSOR
(additional particle removal provided).  The headloss data
(found in Appendix D) were plotted as a function of filter
run time as shown for a typical run in Figure ^.^   (Run #21).
These plots were used to find the accumulated headloss for
"excellent water", "good water" and "poor water" at times of
16 and 24 hours.  These times were selected because run
durations tended to be either 16 or 24 hours.  CNote:  An
extrapolation was used in Run #11 to reach a time of 16 hours
and in Run #13 to reach a time of 24 hours.]
Figures 4.5a-d show, for the more abundant "good water"
data, the headloss values plotted against the SOR for 16
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Figure <^.5a.  Dependency of Headloss (After 16 hr of Filter
Run) on Sedimentation Overflow Rate for Both PSW and ASW at a
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Figure i^. 5c . Dependency of Headloss (After E^ hr of Filter
Run) on Sedimentation Overflow Rate for Both PSW and ASW at








Key O Plant Settled Water PSW
•57 Additional ly Settled Water ASW
Number Inside Symbol
Is Datum Run Number
^^ 4^0600     '     8^0     '     loio
Sedimentation Overflow Rate (gpd/ff^)
Figure ^. 5d. Dependency of Headloss (After 2"^ hr of Filter
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Each plot contains data from several different runs, each
data point being labeled with its run number.  (The PSW data
are always plotted with triangles while the ASW data are
always plotted with circles.)  For any given run, the ASW
headloss was always lower than the PSW headloss.  This showed
that a lower SOR (increased particle removal) always
corresponded to a lower headloss.
A further interpretation was made regarding the
relationship between all the PSOR data (represented by
triangles) and all the ASOR data (represented by circles) in
Figures 4.5a-d.  Smooth curves were drawn "by eye"
through the data for both ASW and PSW on each of the plots in
Figures 4.5a-d.  Neither mathematical nor statistical
interpretations of a relationship between total filter
headloss and SOR were used because of the small number and
the large scatter of data points.  The point of drawing one
smooth curve through all the data for both ASW and PSW is to
emphasize that a single relationship seems to hold between
filter headloss and SOR regardless of whether the SOR was
PSOR (derived by horizontal flow sedimentation) or ASOR
(derived by horizontal flow and then vertical flow
sedimentation).
Figure ^.6 shows each of the curves generated in Figures
^.5a-d but without the data points.  As expected, the total
headloss is greater for both the longer filter run time (S^
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Rate Generated From Data Presented in Figures ^.Sa.-d.
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The data for "excellent water" and "poor water"
corresponding to "good water" data shown in Figures i^.5a-d
are given in Figures ^.7a-d.  The solid line in each figure
is reproduced from Figures '^.5a-d and represents the data for
the "good water".  These figures show that for any given SOR,
the headloss, at prescribed filter run times of 16 and 2A-
hours and filtration rates of ^ and 6   gpm/ft'~, is highest for
the "excellent water" and lowest for the "poor water".  This
corresponds to the trend found in the treatment plant data in
Table 3.3 and lends support to the idea that filtration
performance as measured by headloss accumulation is worst for
the "excellent water" categorization.
Prediction of the Effect of SOR on Filter Run Length
To aid QWASA in its design decision, the effect of
sedimentation (as measured by SOR) on filter run length must
be studied for the worst case condition.  Examination of the
full-scale and pilot-scale filter performance in this study
suggested that the "excellent water" categorization was the
worst case and thus, it was used for prediction of the filter
run length determination.
The OWASA treatment plant filters have an available head
of 8 feet and a clean bed headloss of 1 foot at a filtration
rate of 6 gpm/ff^-.  When the accumulated headloss exceeds 7
feet, the filter can no longer produce the desired quantity
of water and the run is terminated.  Thus, the filter run
55
1 .5




0.5   -
0
Key -1^ "Eacellsnt Water" FS«
O "Escellent Hater" ASH
V "Poor Water" PSW
O "Poor Water" fiSW
Nuiber Inside Syabo!
Is Datus Run Nuiber
®
-5V ^6o '600     '800
Sedimentation Overflow Rate (gpd/ft'-)
1000
Figure   '^.7a.   Filter   Run   Length   of   16   hr   and   Filtration  Rate
of   ^   gpm/ff^
B.5   4    Key    ^"Excellent Water" PSW
G "Excellent Water" ASW
ͣV "Poor Hater' PSW
O "Poor Water" ASW
2.0   -I Nufflber Inside Synibol









4V^tOo        660    '    aJo    ""
Sedimentation Overflow Rate (gpd/ft^)
10006<
Figure -^^. 7b. Filter Run Length of 16 hr and Filtration Rate
of 6 gpm/ft'™
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Figure ^.7      Dependency of Headloss on Sedimentation Overflow Rate
("Excellent Water" and "Poor Water") Under Various Conditions
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length is determined by the time it takes to reach 7 feet of
headloss.
Headlosses achieved in this pilot plant study were
limited to values much less than 7 feet (see Figures ^.7a-d).
The data show that the amount of headloss after a given
filter run time does depend on the SOR.  The objective was,
therefore, to extrapolate the results in order to determine
the SOR that would cause the terminal headloss of 7 feet to
be reached in a given run time (of 16 or 2<^ hours).  In each
case, the headloss vs. SOR plots are curvilinear and
therefore, extrapolations to a headloss of 7 feet were made
"by eye".  This is admittedly a tenuous procedure, but
necessary to obtain guidelines of practical use to OWASA
given the limited range of the headloss data.
Extrapolations of the headloss vs. SOR relationship for
the "excellent water" data are shown by the dashed lines in
Figures ^.9a-c   for the 6   gpm/ff^ filtration rate at filter
run times of 16 and 2'^ hours and the 4 gpm/ft=^" filtration
rate at 2^   hours.  The value of SOR which would suffice to
achieve terminal headloss was determined by finding the SOR
value that corresponded to 7 feet of headloss.  For example,
the data in Figure ^.8a suggest that an SOR of 1050 gpd/ff^^
would cause the terminal headloss of 7 feet to be reached in
16 hours at a filtration rate of 6 gpm/ft=.  The SDR  values
so determined for each of the Figures ^.8a-c are plotted in
Figure 4.9.  The result is a relationship between filter run
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Figure ^.9.  Relationship Between Filter Run Length and
Sedimentation Overflow Rate Extrapolated from "Excellent
Water" Data Presented in Figures "^.aa-c.
the "excellent water" data.  Because the line corresponding
to a filtration rate of 6 gpm/ff^ had only two data points,
it was necessarily linear.  To construct a line for the
filtration of ^   gpm/ft« which only had one data point,
either the slope or another point had to be used.  With no
rationale for either, the same slope was chosen for the ^
gpm/ft*^ line as for the 6   gpm/ft^ line.  The resulting
equation for "excellent water" filtered at ^ gpm/ft^ is;
Run Length = -0.023 x SOR + -^8
and for "excellent water" filtered at 6 gpm/ff^:
Run Length = -0.023 x SOR + -^3
The equations are given with filter run length in hours and
SOR in gpd/ft==^.
To predict the filter run length for a given set of
treatment plant operating conditions, a simple set of
calculations must be made.  For a given number of
sedimentation basins (surface area = xx ff^)   and plant raw
water flow rate, the filtration rate and the SOR are
calculated.  Knowing the filtration rate and the SOR allows
calculation of the filter run length from Figure ^.9.  For
example, the expected average filter run length for a plant
flow of 10 MGD and 5 sedimentation basins in service can be
found in the following way.  For the OWASA facility, the
equations that determine the filtration rate and the
sedimentation overflow rate are given by:
Filtration Rate = Flow Rate / Total Filter Surface Area
SOR = Flow Rate / Total Sedimentation Basin Surface Area
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The total filter surface area is 1800 ft'- and the
sedimentation basin surface area is 1990 ff^-   per basin.  For
the specified number of basins (5) and plant flow rate (10
MGD), the filtration rate is h   gpm/ff^- and the SOR is 1000
gpd/ft*^-.  Figure ^.9   is then used to find the filter run
length for this combination of filtration rate and SOR; the
expected value is S5.0 hours.
Table ^.S   is based on Figure ^.9 and presents expected
average filtration run lengths for the OWASA plant at various
flow ratesj filtration rates and number of basins.  While
Table 4.5:  Expected Average Filter Run Length For
Various Combinations of Flow Rates and Filtration Rates
and Numbers of Sedimentation Basins in Service
Flow Filtration
Rate    Rate       Number of Sedimentation Basins
(MGD) (gpm/ft^-)  5 Basins 6   Basins 7 Basins B Basins
10 4.0 25.0 29.0 31.5 33.5
12 4.S 18.5 23.0 26.5 28.5
1-^ 5.6 lE.O 17.0 21 .0 24.0
15 6.0 8.5 14.0 18.5 21 .5
OWASA has the capacity to backwash for average filter runs of
12 hours, average run lengths of 18 to 21 hours are con¬
sidered "acceptable" and run lengths of greater than 21 hours
are considered "good" (Terry 1986).  Table 4.2 shows that the
existing five sedimentation basins will allow "acceptable"
operation at flows up to 12 MGD.  Six sedimentation basins
(or the equivalent thereof) would allow "good" operation at
12 MGD, but only "acceptable" at 14 MGD.  Seven sedimentation
basins would allow "good" operation at 14 MGD and
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"acceptable" operation at 15 MGD.  Eight sedimentation basins
would allow "good" operation up through 15 MGD.
A comparison was made between the run length values
listed in Table ^.2.   and actual treatment plant operating data
in order to verify the performance prediction given by the
proposed method based on Figure ^.9.      To do thisj the
"excellent water" data from Table 3.3 must be compared to a
prediction in Table "^.E.  The actual plant operating
conditions for "excellent water" were filtration rates
between 2.3 and 3.3 gpm/ft^- and sedimentation rates between
600 and 1000 gpd/ft'^.  A flow rate of 10 MGD with 6
sedimentation basins corresponds to a filtration rate of h
gprn/ft^^" and an SOR of 830 gpd/ft'~.  This is the best
comparison that can be made between Table 3.3 and Table "^.2.
For this comparison? the filter run length in the treatment
plant was of 26.1 hours and the predicted filter run length
was 29.0 hours.  This suggests that the values in Table ^.2
may be acceptable.
Effect of Sedimentation on Settled and Filtered ^ater Turbidity
Both the PSW and ASW turbidity measurements showed
considerable scatter for all operating conditions.  A
typical settled water turbidity vs. filter run time plot is
shown in Figure ^.10.  For Run #14 the PSOR was 750 and the
ASGR was 500 gpd/ft'".  Settled water turbidity is lower for
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Figure ^.10.  Typical Settled Water Turbidity vs. Filter Run
Time (Run #1-^, "Good Water")
between the PSOR and the ASOR, the more improved was the
settled water turbidity for the ASW (see Appendix D).  This
is expected since the lower SQR for the ASW would indicate
additional particle removal which would correspond to a lower
settled water turbidity.
Filtered water turbidity is a more significant measure
of system performance than settled water turbidity.  In
general, filtered water turbidity was about the same for the
ASW and the PSW regardless of whether the filtration rate was
^   gpm/ff^- or 6 gpm/ft'-.  This is illustrated in Table 4.3
Table 4.3:  Ranges of Filtered Water Turbidity for
All Pilot Plant Runs
Water       SQR < 700  SOR < 700 SOR > 700 SOR > 700
Qual i ty      U   qpm/ft^- 6   qpm/ft'- 4 qpm/ft'= 6 qpm/ft'-
"excellent"   .06-.19     .08-.15 .06-.21 .07-.20
"good"       .06-.21      .05-.28 .06-.28 .07-.25-
"poor"       .22-.71     .22-.60 .13-.30 .13-.26
•* In Run #10, breakthrough occurred before 24 hours,
hours.  Four values were higher than the 0.25 NTU
listed, but were omitted for demonstrative purposes,
where the range of filtered water turbidity are listed, by
raw water category, for filtration rates of 4 and 6 gpm/ft®
at both a low SOR (of less than 700 gpd/ft^') and a high SOR
(of greater than 700 gpd/ff^^).  An exception to this
generalization is for the "poor water" data.  The range at
low SORs fell above that for the high SORs and for all other
categorizations.  This could be explained by the fact that
the entire range for the low SOR comes from just one run. Run
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#17.  There is too much scatter and too little data to draw
any conclusions about a relationship of filtered water
turbidity to SOR or category of raw water quality.  With the
exception of Run #17, all the turbidity values fall well
below the 1.0 NTU standard and even below OWASA's 0.3 NTU
goal.  The general observation is that sedimentation has no
noticeable effect on filtered water turbidity.
Data obtained from full-scale treatment plant operations
showed a noticable dependence of filtered water turbidity on
the raw water categorization.  As previously stated in Table
3.3, the "excellent water" had an average finished water
turbidity of 0.14 NTU while the "good water" value was O.IS
NTU and the "poor water" value was 0.S3 NTU.  While this is a
noticable difference, it is not possible to state that either
sedimentation or filtration caused this effect on filtered
water turbidity.
Effect of Sedimentation on Filtered Water Aluminum
Aluminum measurements were made in two pilot plant runs.
The first set of samples was used to determine if the SQR or
the filtration rate had an effect on the aluminum residual.
Table 4.4a shows the results of this set of samples.  The
settled water aluminum was in the 300 to 500 ppb range while
the filtered water aluminum was in the 50 to 70 ppb range.
Thus, filtration removes a significant amount of aluminum.
However, the SOR has little effect on removal of aluminum
hh
Table ^.^a.:      Aluminum Residual For Settled and Filtered
Water at Varied SOR and Filtr ati on Rates (in ppb)
Time in SOR Settled Fi 1tered Filtered
Fi1ter Run qpd/ft^- Water 4^ qpm/ft^ 6 qpm/ft'^
6   hr 450 (ASOR) 340 70 64
6 hr 7ao (PSOR) 345 52 64
10 hr 450 (ASOR) 385 109* 50
10 hr 7E0 (PSOR) 390 60 61
This sample may have been diluted improperly,
Table 4.4b;  Total and Soluble Aluminum Residual (in ppb)
Time Settled Settled Fi1tered Fi1tered
in Run SOR Water Water 6 gpm/ft*^ 6 gpm/ft''^
(hr ) qpd/ft«^- Total Al Soluble Al Total Al Soluble Al
9 400 (ASOR) 445 £4 78 14
9 7E0 (PSOR) 495 39 64 S8
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either as a direct result of sedimentation or as a result of
filtration following sedimentation.  Moreover» the aluminum
residual appears independent of the filtration rate as well.
The second set of aluminum measurements was used to
determine if either the SOR or filtration rate had an effect
on the soluble-particulate distribution of the aluminum
residual.  <The term "soluble" described aluminum which would
pass through a 0.2 micron filter.)  Table '^-.'^b shows the
result from this set of samples.  Most of the aluminum in the
settled water is in the particulate form and a substantial
fraction is removed by filtration.  The total and soluble
aluminum remaining after filtration are about the same
regardless of the SOR or the filtration rate.  It was
expected that the soluble aluminum would be unaffected
because sedimentation and filtration are designed to remove
particles and not soluble chemicals.  However, the data show
that additional settling did not remove any substantial






The following conclusions deal with the pilot plant
operation and the results of the testing:
1. The use of the pilot plant-scale, vertical
sedimentation basin in series with the full-scale horizontal
flow, sedimentation basin provided a convenient way to study
the effect of sedimentation on filtration performance.
2. Headloss depended on the effectiveness of
sedimentation as measured by the sedimentation overflow rate
(SOR); the higher the SOR, the greater the headloss at a
prescribed filter run time.
3. In both full-scale and pilot plant-scale, filter
performance was judged to be poorest for the raw water with
turbidity > ^ and < 6, categorized "excellent water" in this
study.  It was postulated that chemical overdosing may have
been responsible for this effect because the resulting floe
was too stong to penetrate into the filter.
^.      The pilot plant data was used to project whether
the existing plant could handle increased flow rates.  At 12
MGD, the filter run length is predicted to be 19.0 hours;
however, an increase to 14 MGD would require two additional
sedimentation basins (for a total of seven) to obtain a
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filter run length of 21.5 hours.  Seven basins could handle
15 MGD with run lengths of 18.5 hours, but eight basins would
provide a greater safety margin with filter run lengths of
22.0 hours.
5. Sedimentation determines the settled water turbidity
but not the filtered water turbidity; filtered water
turbidity was the same regardless of filtration rate and was
well below the standard of 1.0 NTU.
6. SQR and filtration rate had no measurable effect on
filtered water aluminum.  Aluminum data were limited to
"excellent water" with SORs varying between ^00 and 700
gpd/ft^S and filtration rates of ^ anf 6 gprn/ff^-.
There were two major limitations to the conclusions.
First, the pilot scale data do not include tests where the
raw water turbidity exceeded 30 NTU; turbidities in excess of
50 NTU were noted for only 6 hours during the testing period.
Second, pilot plant filter run times were usually less than
2^ hours and generally produced headlosses of less than ^
feet.  These had to be extrapolated to obtain the final
results shown in Figure ^.9   and Table "^.2.  Consequently, the
key relationship between filter run length and SOR is tenuous
at best.
Recommendat ions
Because neither filtered water turbidity nor filtered
water aluminum seems to vary with sedimentation rate or
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filtration rate? only headless <run length) should be
considered for expansion design.  Limitations in filter run
length due to too high an SQR would require sedimentation
basin construction only at flow rates above 12 MGD.  Above
12 MGD, an economic analysis would be needed to determine
whether improving sedimentation is the most cost
effective means to achieve the desired filtration rate.
Other options to help achieve the desired filtration rate
include improving flash mix, coagulation and flocculat ion.
The scope of this project was limited to the study of
sedimentation and filtration with limited variations in raw
water quality and short filter runs.  This led to an analysis
which necessitated tenuous extrapolations.  To improve the
reliability of the conclusions, additional data with longer
run times and a wider range of raw water turbidities needs to
be gathered.
Filtered water aluminum was only investigated under
"excellent" water conditions.  The filtered water turbidities
increased with decreasing raw water quality; the same may
occur with the aluminum.  Thus, the fate of aluminum should
be studied in more depth.
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Fi1trat ion Run Water Water
Rate Length Turb idi ty Turb idi ty
Day QDm/f t^- (hr) (NTU)
(NTU)
1 1 .97 42 9.0 0.09
a 2.-^1 51 10.0 0.23
3 2.75 44 9.0 0. 19
'^ 2.-^8 28 9.0 0.09
5 2.26 22 8.0 0.19
6 2.24 16 8.0 0.17
7 1 .99 26 8.0 0.11
a 2.07 28 8.0 0. 10
9 2.03 44 7.0 0.10
10 2.34 42 8.0 0.11
11 2.35 29 8.0 0. 14
IE 2.27 23 9.9 0.26
13 2.37 27 10.2 0.19
1-^ 2.04 32 9.8 0.26
15 2.23 36 9.0 0.13
16 1.64 45 8.2 0.13
17 2.31 46 7.5 0. 16
IS 2.34 S8 7.0 0.12
19 2.34 39 6.3 0. 18
20 2.06 23 5.5 0.21
21 2.34 26 4.7 0.20
22 1.92 31 4.8 0.16
23 1 .90 45 4.8 0. 16
^^ 2.29 51 4.4 0.09
25 2.22 46 4.0 0.10
26 2.22 29 3.7 0.22
27 2.34 27 3.3 0. 19




Fi 1 tration Run Water Water
Rate Length Turbidity Turbidi ty
Day qpm/f t^- (hr) (NTU) (NTU)
1 1.78 41 2.9 0.11
2 1 .95 55 3.3 0.08
3 2.33 55 3.1 0. 11
^ 2.60 58 2.4 0. 16
5 2.12 39 2.4 0. 10
ii 2.07 38 2.6 0.15
7 2.28 30 3.0 0.12
8 1 .60 37 2.7 0. 1 1
9 1 .6'^ 53 2.6 0.09
10 1 .96 4S 2.7 0.11
11 2.27 33 2.8 0. 13
12 1-81 B6 2.6 0.11
13 1.77 36 2.7 0.11
14 2.00 34 8.0 0.12
15 1.89 38 41 .9 0.16
16 1.77 41 45. 1 0. 18
17 2.32 63 45.3 0.24
18 2.38 65 41.4 0.23
19 1.79 39 34.5 0.15
SO 2.38 50 31.0 0.21
21 2.29 56 24.0 0.23
22 1 .78 47 20.0 0.19
23 2.33 38 19.2 0.21
2-^ 2.23 56 18.6 0.24
25 2.28 44 17.3 0. 19
26 2.'^1 45 15.5 0.23
27 2.-^6 37 12.0 0.26
28 2. 13 29 11.0 0.22
29 1.94 36 11.0 0.17
30 1.73 34 9.0 0,14
31 2.24 35 8.0 0.15
A   3
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Ave. Raw Finished
Fi 1 tration Run Water Water
Rate Length Turbidity Turb idi ty
^-t. apm/ft'~ (hr) (NTU)
(NTU)
1 2.^2 26 6.4 0. 19
2 a. 67 as 6.4 0.16
3 2.53 a^ 5.7 0. 15
^ 2.53 a^ 5.3 0. 13
5 2.30 a9 4.9 0. 15
6 2.60 a6 4.9 0. 18
7 2.^9 S6 4.7 0. 13
8 2.50 34 5.0 0. 12
9 2.39 25 5.2 0.11
10 2.^4 28 5.2 0.10
1 1 2.27 30 6.4 0. 10
12 2.15 3a 4.8 0. 14
13 2.51 33 6.3 0.12
1^ 2.51 39 4.4 0.12
15 2.93 3a 3.9 0.22
16 2.^1 34 3.8 0. 10
17 2.05 30 3.7 0.17
18 2."^3 a5 3.8 0.13
19 2.35 30 3.7 0.16
SO 2.^3 30 3.4 0. 18
El 2.38 as 3.0 0. 17
22 2.33 as 3.0 0.17
23 2.36 31 3.3 0.21
2"^ 2.47 38 3.3 0.19
25 2.72 44 3.0 0. 18
26 2.91 46 2.6
0.17
27 2.24 36 2.4 0. 15
28 2.53 35 2.0 0. 14
29 2.78 a? 2.5 0.15
30 3.04 a6 2.6
0. 17
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APPENDIX B.  Calculation of Sedimentation Overflow Rate in
Vertical Flow Basin
A sedimentation basin overflow rate (SQR) is calculated as:
SOR = flow rate / settler area
Given the flow rate, all that is needed to determine the SOR
is the basin area.  For a circular 55 gallon drum with a
diameter equal to 22 inches:
Area = tt d*^ / -^
= TT (22 in)'s / -^
= 380 in^ = 2.6'^ ft'~
If the flow rate is given in gpm and the SQR is given as
qpd/ff^,   the final equation is:
SOR (gpd/ft'") = 5'^5 x flow rate (gpm)
B 1
APPENDIX C.  Data from Preliminary Evaluation of Sedimentation
On ^   Jan 1985, a simple jar test was performed on OWASA's
settled water (SOR = 500 gpd/ft^^).  Water was withdrawn
from the compartmentalized flume at the end of sedimentation
basin #1, and collected in 1000 ml beakers.  At time zeroj
all the samples were stirred to resuspend floe.









All subsequent sedimentation tests were performed as (Camp
Sedimentation tests) with an 8 in diameter column with ports
at water depths of 29 centimeters (#1), 54 centimeters (#2),
80.5 centimeters (#3) and 104.5 centimeters (#4).  "Treated"
water was withdrawn from the flume connecting the
flocculation basin to the sedimentation basins, and the
"settled" water was withdrawn from the compartmentalized
flume at the end of plant sedimentation basin #1.
7 Sep. 1985
Treated Water
Time Port #1 Port #2 Port #3 Port #4
(min) (NTU) (NTU) (NTU) (NTU)
0 19 21 22 25
10 13.8 18.9 11.0 19
20 2.7 11.0 2.5 11 .0
30 2.8 2.0 1.6 6.5
45 1 .75 1.49 1.8 1 .9
60 1 .35 1 .30 1.05 1 .6
90 - 1 .30 1.25 1 .7
120 0.95 1 . 10 1.15 1 .10
150 0.90 1 .05 1.05 1 . 10
180 0.90 0.90 0.90 0.90
255 0.85 0.80 0.85 0.80




Time Port #1 Port #2 Port #3 Port #^
(min) (NTU) (NTU) (NTU) (NTU)
0 2. 1 2.5 2.3 2.5
10 2.3 2.3 2.3 2,3
20 E.^ 2.E 2.2 2.3
-^0 2.1 2.0 S.l 2.2
60 2.0 2.2 2. 1 2.3
90 2.1 2.0 2.0 2.3
120 2.^ 2.1 1.9 2.1
9 Sep. 19S5
Treated Water
Time Port #1 Port #2 Port #3 Port tt-^





- - 15.8 15.4















































Time Port #1 Port #2 Port #3 Port tt-^
<min) (NTU) (NTU) (NTU) (NTU)
0 82 83 132 1-^0
7 66 55 117 9-^
li* 1-^ 63 63 71
23 6 22 18 28
^3 5 a 7 13
66 5.9 5.1 10.2 5.8
116 h. 1 3.^ 2.8 2.5
EEO 2.1 2.2 1 .^ 2.0
C   3
APPENDIX D.  Headloss and Turbidity Data from
Pilot Plant Operation
The data presented in this appendix are from the runs that
were deemed acceptable.  The values presented are the run
time (column #1), the settled water turbidity (columns #2 and
#3), the total headloss for each filter (columns #"4-, #6, #S
and #10) and the filtered water turbidity for each filter
(columns #5, #7, #9 and #11).  Each run has a brief
description and a data header.
KEY:
"good" - the raw water quality category with which the
filter run operated (see Table 3.1).
"with polymer" - the water withdrawn from the treatment
plant filter basins with pre-fi1tration polymer added
"-" - no reading was taken.
time - the time at which the sample was taken after the
start of the run.
ASW - the water that has received the additional
sett 1ing-
PSW - the water that has not received the additional
sett 1ing.
6 gpm/ft*^ - the filtration rate at which the filter was
operated.
Run #E was to determine if the four pilot filters were
operating in the same manner.  Runs #3 and #6 were tests to
determine the effect of the pre-fi1tration polymer and
determine the pilot plant's idiosyncrasies, if any.  The rest
of the runs are the data that is used in the headloss
determination and in the filtered water turbidity discussion.
Runs #S2 and #S3 were used for the collection of aluminum
samples, but were not used for other purposes, and ^re   thusly
not shown here.
D 1
Filter #1 Filter #2 Filter #3 F ilter tt-^
Head Head Head Head
Time ASW PSW LOSS Turb Loss Turb Loss Turb LOSS Turb
(hr ) (NTU) (NTU) 1cm) (NTU) (cm) (NTU) (cm) (NTU) icm) (NTU)
Run «2, 1'^ Jan. , "g ood' , PSOR = 1000, with polymer
0 - 2.7 0 .3-^ 0 . IS 0 .18 0
.19
.5 - 2.8 7 .12 7 . 11 ^ . 12 3 . 11
1 .0 - 3.1 11 . 10 11 . 10 8 . 10 8 . 11
1.5 - 3.9 15 .09 17 .09 12 .09 13 .09
2.0 - - IB . 10 22 .09 16 .09 17 .10
a.5 - ^.9 2-^ .09 30 .09 22 .09 2-!+ .09
3.0 - h.c^ 30 .08 35 .08 29 .08 29 .09
3.7 - 5.3 37 .12 ^^ .13 36 .09 37 .09
5.0 - ^.^ -^9 .09 58 .09 -^9 .09 51 .08
5.7 - ͣ^.6 57 .09 67 .09 57 .08 60 .07
7.0 - 5.2 70 .08 80 . 10 70 .09 72 .08
a.o —. -^.A 79 .10 90 .09 79 . 11 82 . 11
ASW ASW PSW PSW
^ gpm/f t*^" 6 gpm /ft^ ^   gpm /ft^ 6 gprri/ft'"
Head Head Head H Bad
Time ASW PSW L ͤ ss Turb Loss Turb Loss Turb Loss Turb
(hr) (NTU) (NTU) 1_:m) (NTU) (cm) (NTU) (cm) (NTU) 1L:m) (NTU)
Run #3, 21 Jan. , "g DOd' , PSOR = 750 , ASOR = 850 , with P a ly(T er
0 1 .7 1.2 0 - 0
- 0 - 0
-
1.5 1.8 2.2 4 .20 7 .20 5 .23 9 .18
3.5 2.3 2.8 7 .21 12 . 1^ 11 .21 20 .15
5.5 2.9 3. 1 11 .a'^ 20 .12 18 ,17 30 .13
7.5 3.3 3.1 18 .15 33 . 16 32 . 10 56 .09
10.3 3.2 3.0 27 . 16 52 .15 33 . 10 80 .11
12.5 3.6 3. 1 33 . 16
— — ^8 .21 — —
Run #6, 26 Jan. , "g DOd' , PSOR = 750 , ASOR = 950
0 5.5 3.3 0 - 0
- 0 - 0 -
.7 3.1 2.8 5
- 8 - 4 - 8
-
1 .7 2.8 2.6 6
- 10 - 6 - 10
-
2.7 2.8 2.7 8 .21 12 .20 7 .1-^ 14 .15
3.7 2.9 2.6 9 .25 15 .29 8 .19
17 .21
^+.7 2.8 2.7 10 .22 17 .19 10 .15 19
,13
5.7 2.9 2.6 12 .19 20 .20 1 1 . 12
22 .l'^
h.l 2.7 2.6 1*^
- 22 - 12 - 25
-
7.7 - - 16- 26- 15- 30
D   2
ASW ASW PSW PSW
ͣ^ gpm/f t'^ 6 gpm/ft-== 4 gprr)/f f^ 6 gpm/ft^
HBad Head Head Head
Time ASU) PSW L ass Turb Loss Turb Loss Turb Loss Turb
<hr) (NTU) <NTU) i_cm) (NTU) <cm) (NTU) (cm) (NTU) (cm) (NTU)
Run #9, B Feb . , ' good" , PSOR = 750/670*, ASOR = 650
0 .8 1 .3 0
- 0 - 0 - 0
-
1 .9 1 . 1 0
- 1 - 2 - 2
-
2 1.1 1 .7 1
- 2 - 3 - 4
-
^ 1.7 2.1 3 .09 6 .09 4 .10 8 .08
6 1.9 2.^ 6
- 13 - 8 - 18
-
B 2.3 2.9 9 .13 18 .14 11 . 12 27 .10
9 2.6 3.2 9 .21 20 . 14 11 .21 29 . 11
IS - - 10
- 25 - 16 - 33
-
lit 1.7 2.0 16 .11 38 .16 19 .28 52
.15
16 - - 20
- 46 - 24 - 60
-
18 1.7 1 .9 23 . 10 52 .28 30 .17 67 .25
20 - - 24
- 56 - 35 - 75
-
22 1.2 1.6 28 .09 61 .09 38 .21 81 .19
2^ - - - 35
- 65 - 47 - 98
-
E6 2.1 3.2 ͣ^0 .16 72 .47 64 . 19 120 .18
28 1.3 1 .^ 4-^ .08 83 .21 64 .08 132 .15
30 1.-^ 1.6 48
- 88 - 72 - 146
-
32 1.3 1.5 52 .08 101 .32 79 .19 163 .23
3-^ 1 .7 2.2 54 .12
- - 81 .09 171 .51
Treatment plant changed SDR at 14 hr
Run #10, 10 Feb. , "good' , PSOR = 750/1000-, ASOR = 550
0 1.8 2.1 0 - 0 , - 0
- 0 -
2 2.4 2.5 2 - 4 — 4
- 5 -
4 2.6 3.0 4 - 7 — 6
— 10 -
6 2.9 3.5 6 - 10 — 8
- 14 -
a 1.6 2.2 8 - 15 — 11
- 21 -
10 2.2 3.7 11 - 22 - 15
- 34 -
12 2.6 3.4 14 - 30 - 21
- 48 -
14 2.2 2.7 18
- 39 .-. 29 - 65
-
16 2.4 2.8 21 - 45 — 36
- 75 -
18 2.7 3.2 26 - 53 - 44
- 87 -
20 2.9 3.4 33 - 62
- 56 - 101 -
22 8.6 9.4 36 .28 77 .83 60 .22 132 .97
24 2.7 3.5 47 .06 85 .73 81 .06 152 >1
26 2.5 3.6 51 .08 90 .90 89 . 1 1 165 >1
28     2.4   3.6    56  .23    104  >1     101  .41
*• Treatment plant changed SOR at 8 hr
D 3
ASW         ASW         PSW PSW
^   gpm/ft^   6 gpm/ft^   4 gpm/ft^ 6 gpm/ft^
Head        Head        Head Head
Time  ASW   PSW   Loss Turb   Loss Turb   Loss Turb Loss Turb
(hr) (NTU) (NTU)  (cm) (NTU)  (cm) (NTU)  (cm) (NTU) (cm) (NTU)
Run #11, 13 Feb., "good", PSQR = 1000, ASQR = 800
0     a.O   3.0     O-       0-       0- 0-
2 E.3   3.4     -^   -       a   -       h        - 11   -
^     E.-^   3.6     6  .09      12  .08      8  .09 17  .08
6 2.5   3.7     9   -      20   -      12   - 26   -
a     2.7   3.5    12  .09     27  .09      15  .07 S't  .07
10 2.8   3.6    15   -      33   -      20   - ^B        -
12 2.8   3.6    18  .10     41  .09     26  .08 51  .08
1^     3.0   4.0    24   -      46   -      31   - 58   -
Run #12, 14 Feb., "good", PSOR = 750, ASQR = 600
0 1.4   1.9     0-       0-       0- 0-
1 1.5   1.6     3  .12      3  .19      2  .12 4  .11
3 1.7   1.7     4-        6-        3-7-
5     1.8   1.7     5.09      9.14      6.10 12.11
7 1.8   1.8     7   -      14   -       9   - 18   -
9     2.0   2.0     9  .08     18  .08     12  .10 24  .08
11 2.32.5    11-      24-      15- 32-
13 2.4   2.6    13  .09     29  .10     18  .12 40  .10
15     1.8   2.0    19   -      38   -      25   - 53   -
17 2.3   1.9    22   -      44   -      29   - 61   -
19 2.1   2.8    23  .08     49  .26     32  .10 71  .25
500, ASOR = 400
0   - 0   -
,18      3  .16 4  .14
7   - 8   -
.09      9  .09 11  .11
10   - 15   -
.08     12  .08 19  .10
13   - 22   -
.09     15  .08 26  .09
17   - 31   -
18 1.2   1.0     -   -      33  .08     18  .09 35  .10
20 1.4   1.1     -   -      42   -      20   - -   -
22     1.3   1.0     -   -      45  .10     24  .12
Run #13, 15 Feb. , "good" , PSOR = 
0 2.0 1.7 0 - 0
ͣ 2 1.9 1 .6 2 .17 3
e* 1.5 1 .6 5 - 9
6 1.6 1.8 6 .08 13
8 1.6 1.8 8 - 16
10 1.7 1 .8 12 .08 19
12 1.4 1.3
- - 23
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ASW ASU PSW PSW
4 gpm/fts 6 gpm/ft^ 4 gpm/ft'- 6 gpm/f f^
Head Head H =ad Head
Time  ASW PSW Loss Turb Loss Turb L<3SS Turb L ͤ ss Turb
(hr) (NTU) (NTU) (cm) (NTU) (cm) (NTU) (cm) (NTU) {_= m) (NTU)
Run #18, B^ March , "poor", PSQR = 800. ASQR = 700
0 9.0 -^.8 0
- 0 - 0 - 0
-
s -^.3 -^.9 3 .30 7 .25 3 .27 4 .26
^ i\.B -^.3 h .19 13 . 15 6 . 19 11 .13
6 ^.3 4.3 8 . 14 17 .19 8 .13 17 .19
8 ͣ^.3 '^. 1 12 . 14 23 . 18 12 . 14 24 .16
10 3.9 3.9 14 .14 29 .18 16 . 13 32 . 17
Run #19, 1-^ Apri 1 , "excellent
1 PSOR = 800. ASOR = 450
0 1."^ .8 0
- 0 - 0 - 0
-
s 1.3 .9 3
- 7 - 8 - 12
-
I* 1.1 1 .0 7 .15 16 .15 15 .08 29 .18
b .6 .8 8 .19 17 .09 26 .07 39 .15
s .6 .8 16 .06 31 .08 42 .06 77 .07
10      .9   1.1    20  .07     38  .08     72  .07    127  .08
Run #21, 16 April, "excellent", PSOR = 900, ASOR = 800
n     \ .i>.       "i .u o-      o-      o-0 1.4 1 .4 0 - 0 - 0
3 - - 5
- 10 - 9
7 1.1 1.2 13 .09 22 .13 19
11 1 .5 1.6 23
- 40 - 34
15 3.3 3.5 33
- 73 - -
17 1 .7 1.8 44 .17 90 . 19
-
19 1.8 1 .8 53 .16 121 .20
-




11     32 .11
58 -
D 6
APPENDIX E.  Head Measurements from Pilot Plant Operation
Pilot filter runs were made between S January 1986 and 10
March 1986.  Data presented in this appendix are the
manometer readings for the corresponding sample port.  The
following key is provided so that the table could be
presented in a concise form:
KEY:
manometer readings- all manometer readings avs   in cm
of water.
<SOR) - sedimentation overflow rates are given in
gpd/ft'- for the plant (PSOR) and the pilot additional
sedimentation (ASOR).
"with polymer" - the water withdrawn from the treatment
plant filter basins had pre-fi1tration polymer added.
ASW - the water that has received the additional
sett 1ing.
PSW - the water that has not received the additional
sett 1ing.
6 gpm/ft^ - the filtration rate at which that filter
was operating during the run.
"-" - no reading was taken.
"#" - refers to the port number at which the reading was
taken.  The depths were:  #1, ^   inches above the media* #2, 2
inches below the media surface, #3, 2.5 inches below the
anthracite-sand interface and #5, below the media support
plate.
time - the time at which the sample was taken after the
start of the run.
E 1
Run #1, a Jan., PSQR = 1000, ASOR = 300, with polymer
Additionally Settled Water
Time   A- gpm/ft'-       6 gpm/ft*=^
(hr )
4 r
#1  #2 #1  #2
Plant Settled Water
pm/ft«       6 gpm/fts^   gpm/f





















Run #2, 14 Jan., PSOR = 1000, ASOR not used, with polymer
Plant Settled Water
Time    4 gpm/ft'~       6 gpm/ft^-
(hr)    #1  #2  #5      #1  #2  #5
Plant Settled Water
4 gpm/ft*^-       6 gpm/ft^





























































































Additionally Settled Water Plant Settled Water
Time    ^   gpm/ft'-       6. gpm/ft^       4 gpm/ff^       6 gpm/ft'"(hr)    #2#3#5#2#3«5      #S#3t5      ttg  #3  #5
Run #3, 21 Jan., PSQR = 750, ASOR = 850, with polymer0    212 200 191      212 193 178     211 199 190     211 190 176
1.5   210 196 187     209 186 171     209 19^^ 18-^     206 182 167
2.5 208 193 IS-^ 206 180 166 203 188 179
197 170 157
^.5 205 189 180 202 174 158 196 181 172
188 160 147
6.5 200 182 173 197 161 145 1S6 167 157
173 135 121








Run #4 , 22 Jan , PSOR = 1000, ASOR = 900, with polymer
0 212 199 190 212 188 173 211 200 190
211 180 165
1.0 211 197 188 210 184 169 210 197 188 209
176 161
2.5 210 195 186 209 179 164 208 194 185 205
169 153
ͣ^.5 207 193 185 205 175 162 200 188 180 193
152 136
6.5 203 189 179 199 167 151 194 169 170
176 132 123
8.5 199 183 176 195 156 143 182 168 161 168
112 99
Run #5 , 25 Jan. , PSOR = 1000, ASOR = 700, with polymer
0 201 195 190 210 189 173 213 201 192 211
191 178
0.5 200 192 189 208 183 168 211 199 190 208 188
174
2.5 196 186 181 203 171 156 196 183 175 188 167
154
-^.5 187 178 165 188 149 132 164 150 141 142 113
99
6.5 182 17^ 161 183 133 126 154 137 135 137 106
89
8.5 179 170 155 177 129 112 147 129 126 130 93
72
10.5 176 165 l'^9 174 120 104 142 121 112 121
74 60
Run #6, 26 Jan., PSOR = 750, ASOR =
0    213 202 193     212 195 183
900
02 193  212 195 183     212 201 193 210 193 179
0.7   212 198 188     210 189 175     211 198 189 209 187 171
1.7   212 197 187     209 186 173     210 197 187 209 185 169
2.7   211 196 185     208 184 171     209 195 186 207 181 165
3 .7 211 194 184 207 182 168 209 194 185 206 179 162
4 7 210 193 183 207 179 166 208 192 183 205 176 159
5 .7 209 192 181 206 177 163 207 191 182 204 173 156
6 7 209 190 179 205 174 161 206 189 180 203 170 153
7 .7 208 188 177 204 171 157 205 187 178 202 166 148
E 3
Additionally Settled Water Plant Settled Water
Time    '^ gpm/ft*^       6 gpm/ft^       "^ gpm/ft'-       6 gpm/ft^
(hr )    t2#3tt5      «2#3#5      t2S3S5      #5  #3  #5
Run «7, 31 Jan., PSDR = 750-500, ASOR = 500
O    21E 200 187     210 190 17-^     213 201 191     21-^ 191 176
2.0   209 19h   183     206 182 16^     211 197 188     211 187 171
-^.0 207 190 180 202 173 157 210 195 185 208 182 166
6.0 505 187 178 200 168 152 208 192 182 206 177 162
8.0 204 186 176 200 166 149 207 191 181 205 174 159
10.0 203 - - 198 157 -
- 186 176 201 166 149
12.0 203 - - 197 154
- - ͣ 184 174 201 162 146
1^.0 202 - - 197 151
- - 182 171 199 158 141
16.0 201 176 166 196 148 128 203 180 169 198 154 137
Run tt£ , 2 Feb . , PSOR = 1000, ASOR = 800
0 214 201 192 212 193 179 211 199 190 211 191 176
1 .0 211 197 189 210 188 173 210 198 189 210 188 174
2.0 210 196 187 209 185 170 209 196 187 208 185 171
^.0 209 193 184 207 179 163 207 193 184 206 179 164
6.0 208 191 182 206 175 159 206 189 180 204 172 161
8.0 207 189 180 205 170 153 204 186 178 200 167 152
10.0 205 182 175 203 159 140 199 177 168 194 153 135
12.0 205 181 172 201 153 132 198 176 167 192 143 124
1-^.0 204 178 169 200 148 129 196 171 162 190 137 117
16.0 203 174 165 199 143 120 194 165 155 186 128 108
18.0 202 172 161 198 138 114 192 160 150 184 121 99
Run # 9, 8 Feb. , PSOR = 750-670*, ASOR = 650
0 212 199 189 211 192 178 212 201 194 213 196 182
1.0 211 199 189 210 191 177 212 200 192 212 193 180
a.o 211 198 188 210 189 176 211 199 191 211 192 178
it.O 210 196 186 208 186 172 210 198 190 209 188 174
6.0 208 193 183 205 179 166 208 194 186 206 178 164
8.0 207 190 180 204 174 160 206 191 183 204 170 155
10.0 207 189 180 204 172 159 205 190 183 203 168 153
12.0 206 188 180 202 168 154 202 185 178 201 163 149
1^.0 204 182 173 200 157 141 201 183 175 198 150 130
16.0 203 179 170 198 150 135 199 178 170 197 143 122
18.0 202 176 166 196 145 126 197 173 164 196 136 115
20.0 197 174 165 196 142 122 196 168 159 192 130 107
22.0 197 171 161 195 137 117 195 164 156 190 125 101
24.0 200 165 154 194 133 112 192 156 147 187 111 84
26.0 199 160 150 193 128 105 182 139 130 172 89 62
28.0 198 157 145 191 118 94 179 138 130 167 77 50
30.0 196 153 141 190 114 89 174 130 122 159 66 36
32.0 195 149 137 188 105 79 169 124 115 154 53 19
3-^.0 195 148 135 187 104 77 168 121 1 13 152 49 11
Treatment plant changed 30R at 14 hr
E 4
Additionally Settled Water Plant Settled Water
h   gpm/ft^~
#2  #3  #5
Time ^   gpm/ft= 6 gpm/ft'- ^ gpm/fl
- 3
<hr ) #2  #3  #5 #2 #3 #5 #2 #3 #5
Run #10, 10 Feb , PSOR = 750-1000-, ASOR = 550
0 213 203 193 211 193 ISO 212 201 193
2.0 212 200 191 209 189 176 210 190 190
-^.0 211 198 189 207 186 173 209 192 187
6.0 210 196 187 206 183 170 207 19-^ 185
a.o 200 193 185 SO'^ 178 165 205 190 182
10.0 207 191 182 202 172 158 203 186 178
12.0 205 188 179 200 163 150 200 181 173
1-^.0 20^ 18-^ 175 198 156 1^1 298 273 164
16.0 205 181 172 197 151 135 196 167 159
18.0 202 176 167 196 I'^S 127 19-^ 159 150
20.0 201 170 160 19^ 138 118 191 149 138
22.0 200 167 157 192 125 103 190 1-^5 134
2*^.0 197 161 1-^6 191 119 95 18*^ 127 112
26.0 197 155 1-^2 190 115 90 182 120 104
28.0 197 151 136 188 lO^t 76 179 111 92
*• Treatment plant changed SOR at S hr















0 212 200 193 210 192 178 213 202 193 211 194 180
2.0 209 196 189 207 185 170 210 196 187 207 183 169
4.0 209 195 187 206 181 166 209 195 185 204 178 163
6.0 207 192 184 204 174 158 206 191 181 202 169 154
8.0 205 189 181 202 168 151 204 186 178 198 162 146
10.0 205 186 178 201 162 145 202 182 173 197 154 138
12.0 203 181 175 199 156 137 201 176 167 195 147 129
14.0 202 178 169 198 152 132 199 171 162 193 141 122
Run #12 , 14 Feb , PSOR = 750, ASOR = 600
0 212 210 195 213 194 180 212 201 191 211 192 178
1.0 212 201 192 211 191 177 210 199 189 210 189 174
3.0 210 200 191 209 188 174 209 197 188 207 186 171
5.0 209 198 190 209 185 171 206 195 185 206 181 166
7.0 209 196 188 207 181 166 206 192 182 202 175 160
9.0 208 195 186 206 176 162 204 189 179 200 169 154
11 .0 206 192 184 204 171 156 202 186 176 197 161 146
13.0 205 190 182 203 167 151 201 182 173 195 155 138
15.0 204 186 176 202 159 142 199 177 166 191 143 125
17.0 203 183 173 201 155 136 197 172 162 189 137 1 17
E 5
Additionally Settled Water
Time ^   gpm/ft®      6 gpm/ff^
<hr ) #2  #3  #5     #2  #3  #5
Plant Settled Water
-^ gpm/ft'=        6 gpm/ft^
#a  #3  #5      #2  #3  #5
Run ttl3, 15 Feb., PSQR = 500, ASOR = ^00
0     211 200 192    211 191 17S     211 202 196
2.0    210 199 190    210 189 175     211 200 193
^.0 208 196 187 208 184 169 210 198 189 208 180 155
6.0 207 194 186 206 181 165 208 196 187 206 176 152
8.0 206 193 184 205 177 162 208 194 186 205 172 148
10.0 203 189 180 203 174 159 207 193 184 204 169 144
12.0 - - - 202 171 155 206 191 183 203 165 141
14.0 - - - 201 168 152 205 189 181 201 161 137
16.0 - - - 200 165 149 205 187 179 200 158 132
18.0 - - - 199 161 145 204 186 178 198 152 128
20.0 - - - 197 154 136 203 185 176
- - -
22.0 — — — 197 151 133 202 181 172
— — —
Run #1*^ , 16 Feb. , PSOR = 750, ASOR = 500
0 213 202 193 211 192 178 212 200 192 207 190 176
2.0 212 200 191 210 189 175 210 198 189 206 186 172
4.0 211 199 190 208 186 172 208 195 186 204 183 169
6.0 210 197 188 207 183 169 206 192 184 203 177 163
8.0 209 194 184 205 178 164 204 189 180 201 169 154
10.0 206 190 182 203 173 158 202 186 177 200 163 149
12.0 206 190 181 203 170 154 200 183 174 197 153 137
14.0 205 187 178 200 160 146 198 178 170 193 143 126
16,0 205 186 177 199 153 137 197 176 167 192 139 121
18.0 204 183 174 198 153 137 194 171 162 188 131 113
20.0 202 180 171 197 149 132 192 166 158 185 121 101
22.0 201 177 168 196 143 125 190 159 150 183 111 90
24.0 200 174 165 195 139 124 188 154 145 181 105 83
Run #15 , 22 Feb. , PSOR = 1000, ASOR •= 800
0 212 201 139 209 192 178 213 202 194 211 195 181
Run #16 , 23 Feb. , PSOR = 750, ASOR = 700
0 212 200 138 246 189 175 214 201 192 211 193 179
2 210 197 134 208 185 171 212 198 188 208 187 173
4 208 194 131 205 180 167 210 194 184 207 182 167
6 205 190 128 202 174 161 207 190 180 200 175 161
8 202 187 125 199 166 153 205 186 177 196 167 152
10 200 184 122 196 159 145 203 182 172 193 160 146
12 - - - - - - - - - 190 152 138
16 192 170 107 186 124 116 196 166 157 ISO 125 108
18 189 166 103 185 1 16 101 193 160 150 177 112 97
20 186 159 96 181 104 90 190 153 143 174 100 85
22 184 154 91 180 97 82 188 147 137 171 91 76
24 181 146 83 175 77 59 186 136 126 166 71 54
E 6
Additionally Settled Water
Time    ^   gpm/ft^      6 gprn/ff^
<hr)    #E  #3  #5     #S  #3  #5
Plant Settled Water
i*   gpm/ff^       6 gpm/ft^~
#E  #3  #5      #S  #3  #5



















































































































































































































































































































April, PSOR = 900, ASOR
204 142    210 197 186
188 127    187 168 156
183 122    181 160 149














































126  95  85
E 7
Additionally Settled Water Plant Settled Water
Time   ^ gpm/ft'-       6 gpm/ft'- h   gprn/ff^ 6 gpm/ft'-
(hr)   MM]^      #2#3#5 t2#3t5 #2  #3 #5
Run #21, 25 April, PSOR = 900, ASOR = SOO
0     213 203 198    213 200 IBS 212 203 197 212 197 132
3     208 199 193    207 189 178 205 195 188 201 183 117
7 202 191 185    199 177 166 196 185 178 188 165 100
11     19"^ 181 175    190 160 1^8 IS*^ 170 163 173 139 7^^
15      187 171 165    ISO 126 115 _   _   _       _   _ _
17      183 165 15^+    176 111  98 -
19      176 152 1^5    167  81  67 -   -   -        _   _ _
21     170 1-^2 136    163  63  50
Run #22, 26 April, PSOR = 720, ASOR = -^50
0     211 202 195    211 196 132 212 20^ 198 213 199 189
2 210 200 193 209 191 127 210 200 195 209 194 183
h 208 197 190 205 186 121 207 196 191 205 187 177
6     205 193 186    201 182 119 202 192 186 199 179 169
8 202 189 182    195 172 107 198 186 181 191 168 156
10     198 185 178    190 16-^  99 191 179 173 182 15*^ 1-^2
Run #23, 10 May, PSOR = 720, ASOR = -^00
0     212 197 187    213 200 190 212 198 188 212 200 136
3 204 187 177    208 192 182 203 187 177 204 189 125




Appendix F.  Analysis of Particle Penetration for
Raw Water Categories
The "excellent water" had the most rapid accumulation of
headloss, which seemed to be caused by lack of floe
penetration.  Table F.l is a comparison of the headloss in
the top 2 inches of the filter to the headloss in the entire
filter (when the latter was 30 centimeters) for the three
different raw water quality conditions.  (This is derived
from data in Appendix D.)  The percent for the "excellent
water" was 75 while for the other two, it was below 50.  The
minimum value for the "excellent" water was approximately the
same as the maximum values for the "good water" and the "poor
water".  Visual observations of the pilot filters during
filter runs also support this 'caking' concept because no
floe penetration observed for the "good water" and "poor
water" was not observed for the "excellent water".
Table F.1i  Percent of Total Headloss in the Top g Inches
of a Filter by Categories
Raw     Average Minimum Maximum
Water    Percent Percent Percent
Quali ty   Headloss Headloss Head loss
"excellent"    75 60        92
"Good"        40 26         60
"Poor"        49 30        67
F 1
